The correlated colour temperature (CCT) is defined by the closest point on the Planckian locus from a light source on the CIE 1960 (u, v) diagram (now obsolete), while the current standard uniform colour space is the CIE 1976 (u', v') diagram. To re-visit the question whether using the (u', v') coordinate improves the correlation between the CCT values and perception, vision experiments were conducted with 12 subjects using a double-booth with non-haploscopic and haploscopic methods. The overall results show that the perception of test lights at CCT 3000 K and Duv -0.015 and 0.015 is closer to the CCT calculated based on CIE 1976 (u', v') coordinate. The perception of CCT at 5500 K with the same Duv shifts appears to be between CCTs based on the (u, v) coordinate and the (u', v') coordinate. It is suggested that the definition of CCT be re-examined for possibly using the CIE 1976 (u', v').
Introduction
The Correlated Colour Temperature (CCT) is an important quantity for specifying the colour of white light (warm to cool) in lighting applications and others (display and photography). CCT is defined, by International Commission on Illumination (CIE), as "the temperature of the Planckian radiator having the chromaticity nearest the chromaticity associated with the given spectral distribution on a diagram where the (CIE 1931 standard observer based) u', 2/3 v' coordinates of the Planckian locus and the test stimulus are depicted" (CIE, 2011) . This means that the CCT is calculated using the CIE 1960 (u, v) diagram (now obsolete), though the current CIE recommendation for uniform colour space is 1976 (u', v') diagram. The CIE 1960 (u, v) has been used historically for CCT calculation for decades.
A change to the (u', v') coordinates for CCT calculation was discussed when the CIE 15 (CIE, 2004) was revised in 2004, but no change was made at that time due to lack of research data that would indicate that the (u', v') coordinates would give better correlation with the perception of CCT. There was also no interest from the industry on such a question. However, recently, research on white points below Planckian locus is gaining attention for possibly more natural lighting colour quality (e.g., Fein, 2014, Ohno and Oh, 2016 ) and a fairly large deviation from Planckian locus in negative Duv 1 direction was suggested as white light points perceived most natural. At such white points with large Duv shifts, there would be fairly large differences between CCT values calculated from (u, v) and from (u', v') . It was also observed during the previous experiments (Ohno and Fein, 2014 ) that lights having chromaticity below Planckian locus appeared to be at higher CCT. Some users of neodymium lamps (having Duv of approximately -0.005) report the same observation. This shift of perceived CCT is in the same direction as the shift when CCT is calculated based on (u', v') .
To specify the position of a white point with respect to Planckian locus, a distance from the Planckian locus on CIE 1960 (u, v) has historically been used because the calculation of CCT has been based on the (u, v) diagram but this term had not been defined in any standard. Duv was defined for the first time in a standard in 2008 (ANSI, 2017 . Duv is calculated using CIE 1960 (u, v) coordinates. On the other hand, colour differences and colour shifts of light sources are expressed by the distance Du'v' on (u', v') coordinates as defined by the CIE [CIE, 2014] , and there is occasionally confusion in the industry between Duv and Du'v', and question is raised why Duv is based on 1960 (u, v) . Since Duv is getting widely used, it needs to be defined by CIE but it should be consistent with the CCT definition. Toward such an effort, we determined that the question on the definitions of CCT based on the 1960 (u, v) coordinates need to be revisited.
For this purpose, a series of vision experiments have been conducted at National Institute of Standards and Technology (NIST) to investigate which coordinates, (u, v), or (u', v') , agree more closely with visual perception, when the illumination source chromaticity is deviated from the Planckian locus. The experiments used 12 subjects having normal colour vision and were conducted at a double-lighting booth with spectrally tunable light sources. Two methods, haploscopic and non-haploscopic, were used, as it was not clear which method would work better. The experimental methods and the results are discussed.
Experimental Facility
A double-lighting booth with spectrally tunable light sources was used for the experiment. The booth is a commercially available product for visual inspection of products, but the light source part was replaced by the spectrally tunable light sources, which are also commercially available products. The source has 16 channels of light-emitting diode (LED) spectra and provided with a computer control program that allows colour settings by entering CCT and Duv values. The photo of the double-booth is shown in Figure 1 . The size of the viewing area on each side is 51 cm wide and 46 cm high, and 64 cm deep. The light-emitting surface of the light source is a diffuser with a 10 cm diameter, and there is a large light-transmitting diffuser between the light source compartment and viewing compartment, with which good spatial colour uniformity is provided in the viewing area. It takes a long time (several hours) for the light sources to reach sufficient stability required for this experiment, thus these sources were operated continuously (24 h 7 days) at the reference setting (see section 3.) during the whole experiment period. The spectral distributions (at the centre of the bottom surface) were measured with a spectroradiometer on several light settings before each experiment session (each subject) every day, and the chromaticity drifts during the whole experimental period (about 10 days) was monitored. The drifts were within ± 0.0005 in u' or v' with a maximum within ± 0.001 from the initial set values and the illuminance was within ± 1.5 % from initial 500 lx setting. The spatial nonuniformity of colour on the booth inner surfaces (bottom surfaces and surrounding wall panels) were within ±0.0008 in u', v' from the average value.
Measurements of the booth throughout this experiment was made with an array spectroradiometer in irradiance geometry. The spectroradiometer was calibrated immediately before the experiment period, with a NIST spectral irradiance scale standard lamp. The expanded uncertainty (k=2) of the measured chromaticity of the broadband lights used in this experiment was estimated to be within 0.001 in u', v', and the uncertainty of the measurement of colour differences (as the case of drifts and spatial uniformity) was estimated to be 0.0002 in u', v'. The expanded uncertainly (k=2) of the illuminance measurements was 3 % and that of relative changes was 0.2 %.
Experimental Settings
The experiments were conducted at two CCT conditions, 3000 K and 5500 K, representing an average for low CCT lamps and an average for high CCT lamps common in the market. A test light, above or below Planckian locus (D uv = +0.015 and D uv= -0.015) was visually compared with the lights on Planckian locus to determine which point on Planckian locus appear closest to the test light. The Duv values are chosen as the values determined as perceived most natural on the average in the previous NIST study [Ohno and Fein, 2014] .
The right side of the booth (see Figure 1 ) was set to a test light, which was at D uv= 0.015 or D uv = -0.015. The left side of the booth was set for nine points on the Planckian locus as shown in Figure 2 (the case for 3000 K). In the figure The spectral distributions of the sources were set to be as broad as possible using all the 16 channels of the light source, for all these chromaticity points. The spectral data of the lights in all the chromaticity points in Figure 2 (3000 K) and the same set for 5500 K are shown in Figure  3 . The calculated chromaticity and colour quality values of all these lights used in the experiment (set values and measured values example) are shown in Table 1 . The illuminance for all test lights was set to 500 lx at the bottom surface of the booth. The measurement was made at ≈10 cm above the bottom surface due to the integrating sphere input optics of the spectroradiometer. The illuminance values in Table 1 should be multiplied by 0.85 to convert to the values at the bottom surface of the booth. 
Experimental Methods
The experiments were conducted at two CCTs, 3000 K and 5500 K, and at two Duv levels 0.015 and -0.015, therefore, four chromaticity points of the test light. The test light and one of points at Planckian locus were presented side by side. The goal is to determine which Planckian point appear closest to the test light by observation of subjects.
12 subjects having normal colour vision participated in the experiment; 8 males and 4 females, from 20 to 71 years old, 7 white and 5 Asians.
When comparing different colours visually, the adaptation condition of the observer is critical, as perceived colours change depending on adaptation. The adaptation condition must be clearly defined and applied in the experiment. To handle the adaptation conditions appropriately, two methods were used in our experiment. The first method is the non-haploscopic method, in which a subject directly compared different Planckian lights (left side of booth) against the test light (right side). We first tested this method, but we experienced that comparing two fairly different colours of light (one on Planckian, another much off from Planckian) was often difficult. The second method is the haploscopic method, where the subject's left eye and right eye are adapted separately to the light at each side of the booth. With this method, the colours of the two lights will appear much closer colours due to chromatic adaptation of each eye, thus it was considered that comparisons would be easier.
In non-haploscopic method, subjects looked at the left side of booth (Planckian) and right side (test light with shifted Duv) sequentially by eye movement of both eyes, thus subjects' adaptation was approximately at an average chromaticity of the Planckian and the test light.
In the haploscopic method, the subject was adapted to each of Planckian and the test light by separating the view of each eye. This method is considered from the situation in lighting, where observers are always adapted to the illumination and the impression of CCT is given under the adapted condition, thus this method was considered appropriate for lighting situation. As we were not sure which would be the best method, we used both methods under limited resources available.
In addition, in both methods, comparison of colours of the two sides of the booth, when no objects were placed, were found rather difficult, as there is no target to compare for the subjects. We decided to put a large white target sheet at the bottom of the booth so that subjects could compare the colours of the white sheet on both sides, while the surrounding area of the booth was used for subject's adaptation. We did pre-tests with a few subjects, and verified that comparison was easier with the white sheets for the subjects than empty box. This sheet (size, 28 cm x 28 cm) is made of a material based on polytetrafluoroethylene (PTFE) and has very high and spectrally flat reflectance factors (0.96 to 0.97 in 410 nm to 780 nm) as well as nearLambertian diffuse characteristics. The sheet was also tested to have no fluorescence by excitation around 400 nm. The differences between the chromaticity coordinates of the light source (from spectral irradiance measured at the bottom of the booth) and those of the white target sheet (from spectral radiance measured) are practically negligible (within ±0.0004 in u', v'). The spectral reflectance factors of the booth inner surfaces (measured at the center of front wall) was fairly flat, 0.37 to 0.40 in 410 nm to 720 nm. There are slight differences between the chromaticity coordinates of the white target sheet and those of booth inner walls (used for adaptation), but they are within ±0.0016 in u', v' and considered insignificant to affect the experimental results.
For haploscopic experiment, a front plate was added to separate the view of each eye of the observer completely. The experimental scenes of the haploscopic and non-haploscopic methods are shown in Figure 4 . The subject's eye position was ≈50 cm from the front edges of the booth for non-haploscopic experiment, but it varied to some extent, as a chin rest was not used. In haploscopic experiment, the subject's forehead was contacting the edges of the separating plate mounted in front of the booth having a width of 25 cm. The height of subject eye was at ≈38 to 44 cm from the height of bottom surface of the booth. The height of the chair could be adjusted if the subject was very tall or very short. The cover panel is lower than the height of the diffuser to ensure that light emitting area is shielded from subject's view. 
Initial procedures
These procedures are common with both non-haploscopic and haploscopic methods. When a subject came into the laboratory, he/she was first tested for normal colour vision using Ishihara Test book under room light. Then, room lights were turned off, the subject was adapted for at least 5 min sitting in front of the booth, when both sides of the booth were set for Planckian No. 5 (see Figure 2 ) of the first CCT (3000 K or 5500 K). Which CCT to start with was randomized for each subject. During this adaptation time, the operator gave introduction of the experiment, instructions for the experiment procedures, then one or two practice runs. Non-haploscopic experiment was always done first, then haploscopic method. Before haploscopic experiment, the subject was asked if their two eyes were not balanced (one eye is dominant). If this is the case (actually there were no such case), the subject would not have participated in the haploscopic experiment.
Due to limitation of experiment time for subjects and limitation of the number of subjects available, the experiments were arranged so that all 12 subjects participated in the haploscopic experiment at both CCT conditions, but they participated in the non-haploscopic experiment at one of CCTs (randomly assigned), thus data for each CCT was obtained for 6 subjects. After all experiments were done, the operator asked the subject which method was easier or any comments, which were also recorded with the results.
Non-haploscopic experiment procedures
To handle chromatic adaptation appropriately, comparisons were made in pairs of light. In this method, six pairs of Planckian lights were prepared as shown in Figure 5 . The Planckian lights are marked number 1 to 9. The light pairs are marked as ① to ➅ and the adaptation points are green circles between Planckian lights and the test light. A group of comparison experiments for these six pairs is called a "run", and there are four runs; for 3000 K negative Duv, 3000 K positive Duv, 5500 K negative Duv, and 5500 K positive Duv. The order of these four runs was randomized for each subject. Before each run of experiment, the subject was adapted to the first adaptation point (for each CCT and Duv condition) presented on both sides of the booth for 2 min. Then, before comparing each pair, the subject was adapted for 1 min at each adaptation point, which is the meddle point between the test light and the center of the pair of two Planckian points. There are six light pairs for each test light and there are six adaptation points for each light pair. The order of light pairs presented was randomized for each subject.
Figure 5 -Test light and pairs of light presented and compared by subjects in haploscopic method, for negative Duv test light (left) and positive Duv test light (right).
For example, in Figure 5 (left), both sides of the booth were first set to the adaptation point between No. 4 and the test light (D uv = -0.015), and the subject was adapted for 2 min. During this time, the subject was instructed to look around the wall areas of booth, and not at the white sheets. Then, the subject was asked to close their eyes momentarily (approximately 10 s) while lights are changed. and No. 5 is called "B", and the subject is asked which light, A or B, is closer colour to the right side. The order of A and B (for lower or higher number of Planckian light) was randomized. For this comparison, the subject was instructed to compare the colours of the white sheets on the left and right side of the booth. A and B were alternated and repeated several times till the subject could make judgement. This was a forced choice, so the subject was instructed to answer A or B even if the judgment was difficult, but in that case, also tell the operator that judgement was difficult. The number of comment "difficult" would indicate how well the experiments were carried out. The operator recorded these comments together with the answers A or B. The closure of the eyes in the procedure above was necessary because only one side of the booth could be changed at a time, so the two sides had to be changed sequentially, which took several seconds, and occasionally with the light turned off and on, which would disturb subject's adaptation condition. In this example, if (u', v') is the correct colour space for CCT, the subject would choose No. 3. If (u, v) is the correct colour space for CCT, the subject would choose No. 5.
After completing the first run of experiment, after a short break, next run started with adaptation of 2 min, and another run was performed. Note that only two runs of experiment for one of the CCT conditions were conducted for each subject. Each run took 10 min to 15 min, and the entire time for non-haploscopic experiment including introduction time for each subject was approximately 30 min.
Haploscopic experiment procedures
In this experiment, the procedures are nearly the same as those for the non-haploscopic experiment described above, except for the adaptation condition for the subjects was different. The experiments used the same nine Planckian chromaticity points, six pairs of light, and two test lights (D uv = -0.015 and D uv = 0.015) as shown in Figure 5 for each CCT condition, but the intermediate adaptation points were not used. Instead, subjects were adapted in a haploscopic condition, with their left eye adapted to the light of left side of the booth (one of Planckian points), and right eye with the light of the right side of the booth (one of the test lights).
Before each run of experiment, the subject was adapted to the first pair of light in haploscopic condition for 2 min. During the initial adaptation time (5 min, see 4.1), a practice run was made under the negative Duv condition, and subject was asked if the colours of left side and right side were becoming closer as his/her eyes are adapted to ensure haploscopic condition is effective for the subject, and also practiced choosing A or B in a light pair.
The order of presenting light pairs was randomized. For example, the left side of booth first presented Planckian No. 4 and the right side of booth presented the test light (D uv = -0.015), and subject was adapted for 1 min in the haploscopic condition. During adaptation time, the subject was instructed to view the wall areas of the booth, and not look at the white sheets. Then, No. 3 is presented as "A" for approximately 2 s, then No. 5 is presented as "B" for 2 s, and these are repeated till the subject had an answer. The transition of the light sources from the adaptation condition to the pair comparison was instant because only the left side of the booth need to be changed, and the subjects did not have to close their eyes in this experiment. The comparisons of lights A and B were conducted in the same manner as described in detail for the non-haploscopic experiment. The comparison of light pairs is repeated for all six pairs for an experiment run.
The subjects had a short break (1 min or so) between the experiment runs with their eyes relaxed in non-haploscopic condition. Each run took 10 min to 15 min, and the entire time for the four runs of experiment for each subject including introduction time was approximately 50 min. The column "selected" shows which light was selected by the subject for each adaptation point. The cells are coloured blue when higher CCT was chosen and pink when lower CCT was chosen. Therefore, the ideal scenarios for each case, when the perception follows the (u, v) coordinate and when the perception follows the (u', v') coordinate, would be the answers as shown in Table 3 . Table 2 . An example of the sorted raw results for comparison of six pairs by two subjects. Table 3 . The ideal scenarios of the answers for Table 2 .
Results of experiments
The results for all subjects were sorted in the format of Table 2 , and the percentages of higher CCT chosen are calculated for each condition, which are shown in Tables 4 and 5 . The results in Tables 4 and 5 are plotted in Figure 6 and Figure 7 . In these figures, the ideal scenarios for the (u', v') coordinate and for the (u, v) coordinate, from Table 3 , are plotted as dashed lines. Theoretically, the plotted lines of results should be rising from 0 % on low CCT (left) side to 100 % on high CCT (right) side, and the 50% point is considered to be the perceived CCT of the test light. The results above are further summarized that the perceived CCT at 3000 K is consistently closer to the u'v' point (or beyond), and the perceived CCT at 5500 K is between the uv point and u'v' point. The two methods produced fairly consistent results between them. These results may be explained by observation of MacAdam ellipses (e.g., see Figure 3 of CIE, 2014). The ellipses are close to a circle at 3000 K on the (u', v') diagram, but they are closer to a circle on the (u, v) diagram at 6500 K. The results above are consistent with this observation on MacAdam ellipses.
Both methods worked fairly well. But for comparison, judging from the rate of "difficult to judge", it seems that non-haploscopic method was more difficult (16 %) than haploscopic method (9 %). Comparing CCT conditions, 5500 K condition was more difficult (14 %) than 3000 K (8 %). Comparing positive and negative Duv, it appears that negative Duv was more difficult (14 %) than positive Duv (9 %). However, these differences are not so significant.
Conclusions
Vision experiments for perception of correlated colour temperature were conducted with 12 subjects. The results in this study indicate that the perception of CCT at 3000 K is closer to the CCT calculated based on CIE 1976 (u', v') coordinate and possibly with even further shifts. The perception of CCT at 5500 K is shown as between the (u, v) coordinate and the (u', v') coordinate and is less conclusive. The results obtained agree with general experience in lighting that negative Duv lights, especially those at lower CCTs (e.g., neodymium lamp), appear higher CCT than currently specified values based on (u, v) coordinate. While further experiments are desired with more number of subjects and/or by different laboratories, it is suggested that the definition of CCT be re-examined for using the CIE 1976 (u', v') coordinate for the calculation and possibly reforming the definition of Duv accordingly.
